Backgrounds/Aims: It has been reported that myocardial infarction (MI) is a risk factor for vascular dementia. However, the molecular mechanism remains largely unknown. Methods: MI mice were generated by ligation of the left coronary artery (LCA) for 4 weeks. Passive and active avoidance tests were performed to evaluate the cognitive ability of MI mice. A theta-burst stimulation (TBS) protocol was applied to elicit long-term potentiation (LTP) of the perforant pathway-dentate gyrus synapse (PP-DG). Western blot analysis was employed to assess protein levels. Results: In this study, we demonstrated that after 4 weeks of MI, C57BL/6 mice had significantly impaired memory. Compared with the sham group, in vivo physiological recording in the MI group revealed significantly decreased amplitude of population spikes (PS) with no effect on the latency and duration of the stimulus-response curve. The amplitude of LTP was markedly decreased in the MI group compared with the sham group. Further examination showed that the expression of the TBS-LTP-related proteins BDNF, GluA1 and phosphorylated GluA1 were all decreased in the MI group compared with those in the sham group. Strikingly, all these changes were prevented by hippocampal stereotaxic injection of an anti-miR-1 oligonucleotide fragment carried by a lentivirus vector (lenti-pre-AMO-1). Conclusion: MI induced cognitive decline and TBS-LTP impairment, and decreased BDNF and GluA1 phosphorylation levels from overexpression of miR-1ated were involved in this process.
Introduction
Since the concept of "cardiogenic dementia" was proposed in the late 1970s [1] , large cohort clinical trials have revealed that cardiovascular diseases and cognitive impairment were closely associated [2] [3] [4] [5] [6] [7] . More importantly, it was found that greater application of cardiovascular system medications could lower the probability of a dementia diagnosis [8, 9] . However, the molecular basis of this correlation is still unclear.
Myocardial infarction (MI) is the most prevalent of the various cardiovascular diseases, and it has been reported to be a risk factor leading to vascular dementia [10] [11] [12] . A previous animal study reported that after 3 months of ligation of the left coronary artery (LCA), there was significant cognitive impairment accompanied by altered β-amyloid metabolism, apoptosis and inflammation in mice, indicating an increased potential of dementia following MI [13] . Notably, MI induced brain damage on the 15 th day, which occurred before the cognitive deficiency was apparent 3 months after LCA. Since the most common clinical outcomes of MI are arrhythmia and heart failure that could lead to decreased chronic brain hypoperfusion (CBH) in humans [14] [15] [16] , which is considered one of the main manifestations of dementia, with the exception of amyloid oligomers accumulation and neuron death [17] , the mechanism of cardiogenic dementia is believed to involve the CBH [6, 11, 18, 19] . Whether other non-CBH mechanisms mediate heart disease-induced cognitive impairment remains largely unknown.
Our previous study demonstrated that heart-specific microRNA-1 (miR-1) overexpression in transgenic mice, induced an increase in miR-1 levels in the hippocampus and cognitive impairment by exerting direct effects on the brain [20] . Because it has been reported that miR-1 plays an important role in MI-induced arrhythmia [21] and heart failure [22] , and plasma miR-1 was found to be increased in the blood of patients suffering from acute myocardial infarction (AMI) [23] [24] [25] , we hypothesized that miR-1 may participate in MI mediated brain dysfunction. In this study, we found that MI mice had decreased memory abilities and attenuated long-term potential (LTP). The molecular mechanism was the increased miR-1 level in the hippocampi of MI mice.
Materials and Methods

Animals
Adult male C57BL/6 mice (6-7 months, 6 M or 7 M) were housed under controlled temperature of (23 ± 1°C) and humidity (55 ± 5%) and maintained on a 12 h artificial dark-light cycle (lights on at 07:00 A.M.) with food (regular chow) and water available ad libitum. The mouse line of heart-specific over-expression of miR-1 transgenic (Tg) mice (male, 5 ~ 6 months) was kindly provided by Prof. Xu Gao (Harbin Medical University). Tg mice were generated as previous reported [26] . Hippocampal samples for quantitative realtime reverse transcription polymerase chain reaction (qRT-PCR) and western blot analysis were obtained from mice after they were anesthetized with sodium pentobarbital (100 mg/kg, i.p.). Animals were sacrificed and confirmed by exsanguination. All animal procedures were approved by Harbin Medical University. All procedures were carried out in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC).
Mouse model of myocardial infarction
A myocardial infarction (MI) mouse model was generated as previously described [21] . Briefly, 5-to 6-month-old male C57BL/6 mice were anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneal). After the heart was exposed, the left coronary artery was ligated using a 7-0 silk suture. The elevated ST segment of the electrocardiograph (ECG) was used as the index to evaluate the successful development of the MI animal model. Sham-operated control mice underwent the same procedures except that the suture placed under the left coronary artery was not tied. All surgical procedures were performed under aseptic conditions.
Passive avoidance tasks
The passive avoidance test was performed in the apparatus consisting of light and dark chambers connected via a sliding door. (PAT-8, Chengdu Taimeng Software Co.Ltd., China). In the acquisition trial, mice were individually placed into the light compartment and adapted for 30 s. The sliding door was opened, and the mice that entry into the dark compartment were paired with electrical foot shock (2 V) provided through the metal grid covering the floor. Then the mice returned to the bright chamber immediately. The time taken to enter the dark room (for a maximum of 120 s) was recorded, and mice that failed to enter the dark chamber within 90s were excluded. After 24 h, during the retention trial, no electrical stimuli were used, that is, the electrical stimuli were removed from the dark chamber. Mice were placed into the light compartment, and the step-through latency was measured [27, 28] .
Active avoidance tasks
The apparatus (STT-100, Chengdu Taimeng Software Co.Ltd., China) was divided into two identical shuttle-compartments of the same size (14.3 cm × 15.5 cm × 21 cm) connected by a gate (4 cm × 3.7 cm). A conditioned stimulus (CS, coincident presentation of a 3.6 W light and a 90 dB sound) was delivered 10 s before the unconditioned stimulus (US, a 2 V electrical foot shock) and overlapped it for 5 s. At the end of the stimulus presentation, both the CS and US were terminated, and the cycle began in the other compartment. Animals were subjected to five daily 30-cycle sessions with a 20 s cycle interval. On the sixth day, the cycle was performed without electric foot shock. An avoidance response was recorded when the animal avoided the US by running into the dark compartment within 10 s after the onset of the CS [27] .
Surgical Procedures and Placement of Electrodes
Under urethane anaesthesia (1.2 g/kg body weight, supplemental doses of 0.2 ~ 0.8 g/kg as needed), mice were mounted on the stereotaxic frame apparatus (DW-2000, Chengdu Taimeng Software Co.Ltd., China) for the insertion of electrodes. For local anaesthesia, procainhydrochloride (1 %) was injected subcutaneously into the tissue around the incision before surgery. To maintain the body temperature of mice at 37°C, a heating pad was placed under the mouse. After drilling holes in the skull, a bipolar stimulation electrode (stainless steel, tip separation 0.5 mm) for stimulating the perforant pathway was implanted into the brain (2.1 mm lateral to midline, 3.8 mm posterior to bregma; and 1.5 ~ 1.8 mm below the brain surface). The recording electrode filled with 3 mol/L NaCl was placed in the granule cell layer of the dentate gyrus (DG) (1.7 mm posterior to the bregma, 1.0 mm lateral to the midline, 1.5 ~ 1.8 mm below the brain surface). The depth of the stimulating and recording electrodes was adjusted to obtain the maximal response.
Electrophysiological Recording
Monopulse stimulations (duration 0.1 ms) were generated using a stimulus generator BL-420S (Chengdu Taimeng Software Co.Ltd., China). Population spikes (PS) recorded at the granule cell of the DG were amplified by a ME-1 preamplifier (Chengdu Taimeng Software Co.Ltd., China). The current signal was filtered (1 Hz-1 kHz), digitized at 20 kHz, and recorded in the computer by BL-420S. To establish the input -output (I/O) curves, we used stimulation strengths that ranged from 5 to 30 V. The response interval was 30 s, and the amplitude of the PS was averaged and represented by using three responses at each stimulation strength. The amplitude of the PS was defined as the average of the amplitude from the first positive peak (a) to the first negative peak (b) and the amplitude from the negative peak (b) to the second positive peak (c): [(a -b) + (c -b)]/2. Based on this curve, the stimulus strength which corresponds to the 50 % maximum amplitude of PS was used to plot a baseline for 20 min (two responses per min) and record long term potentiation (LTP). For LTP induction, a theta-burst stimulation (TBS) protocol was performed, which comprised six series of six trains of six pulses at 400 Hz, with 200 ms between trains, and 20 s between series, and a pulse width and stimulus intensity that were doubled during the TBS in comparison to baseline recordings. After TBS, the evoked responses were recorded for an additional 60 min (one response per min) [29, 30] . 
Construction of lentivirus vectors
To produce a miR-1 antisense inhibitor, two single-stranded DNA oligonucleotides were designed as follows: (1) pre-AMO-miR-1 ("top strand" oligo:
tgctgATACATACTTCTTTACATTCCAGTTTTGGCCACTGACTGACTGGAATGTAGAAGTATGTAT) and its complementary sequence ("bottom strand" oligo: cctgATACATACTTCTACATTCCAGTCAGTCAGTGGCCAAAACTGGAATGTAAAGAAGTATGTATc); and (2) scrambled RNA (mis-AMO-1) was used as a negative control ("top strand" oligo:
tgctgAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTACATTT) and its complementary sequence ("bottom strand" oligo: cctgAAATGTACTGCGTGGAGACGTCAGTCAGTGGCCAAAACGTCTCCACGCGCAGTACATTTc). Doublestranded oligonucleotides (ds oligos) were generated by annealing the top and bottom strand oligos into a pcDNA™6.2-GW/± EmGFP-miR vector and transforming the ligated construct into competent Escherichia coli, using a BLOCK-iT pol II miR RNAi expression vector and an EmGFP kit from Invitrogen (Shanghai, China). After the colony was purified and identified as the correct expression clone, the pre-miRNA expression cassette was transferred to a Gateway® adapted destination vector utilizing Pol II promoters to form a new miRNA expression clone containing attR substrates. The vector was identified by analysing the plasmid sequence (Invitrogen, Shanghai, China). The lenti-pre-AMO-1 vectors used for the experiments (2.0 μL) contained 1.0 × 10 8 transducing units (TUs)/mL. Virus suspensions were stored at -80°C until use and were briefly centrifuged and kept on ice immediately before injection.
Stereotactic injection of lentiviral vectors
After anaesthesia, 5-to 6-month-old male mice were placed onto a stereotaxic frame (RWB Life Science Co. Ltd., China) [31] . Lentiviral vectors were administered into the bilateral CA1 area of the hippocampus using a 5 μL Hamilton syringe with a 33-gauge tip needle at 2.2 ~ 2.5 mm below the surface of the dura. The injection coordinates relative to bregma were as follows: anteroposterior (AP), -2.8 mm; mediolateral (ML), ±3.0 mm; and dorsoventral (DV), 2.2 -2.5; Hamilton, Bonaduz, Switzerland. The needle was maintained in place for 2 min after the injection and was then very softly withdrawn to avoid backflow of the solution. The accuracy of the injection sites was confirmed by direct stereotaxic injection of Evans blue (Sigma Chemical Co., St. Louis, Missouri, USA) into the hippocampus CA1 subfield. After 1 month, the mice were used for the subsequent experiments.
Primary culture of neonatal rat hippocampal and cortical neurons (NRNs)
The primary culturing of NRNs was performed according to procedures that have been previously described in detail [31] . Briefly, hippocampal and cortical regions were collected from Sprague-Dawley (SD) rat pups at postnatal day 0 (P0) after administration of 20 % isoflurane and confirmation of death by cervical dislocation and placed immediately into phosphate-buffered saline (PBS) on ice. They were then dissected and incubated in the presence of 0.125 % trypsin (Gibco, USA) for 15 min in water bath at 37°C. After dispersion, cells were plated in six-well plates pre-coated with 10 μg/mL poly-D-lysine (Sigma, USA). The cells were maintained in culture media containing neurobasal medium (Gibco, USA) with 2 % B27 supplement (Invitrogen, USA) and 10 % foetal bovine serum (FBS, HyClone, Logan, UT) at a density of 1~3 × 10 5 cells/cm 2 . The cultures were incubated in a 37°C humidified chamber that was maintained at 5 % CO 2 . They were fed by exchanging 50 % of the culture media twice a week. Neurons were treated with 5 μM cytosine arabinoside (Sigma, USA) after 3 days in culture to inhibit astrocyte proliferation. For all experiments, neurons were used at 5-7 days after plating.
Oligonucleotide Synthesis
MiR-1 mimics for rats (sense: 5'-UGGAAUGUAAAGAAGUGUGUAUGU-3'; antisense: 5'-AUACACACUUCUUUACAUUCCAAU-3') and AMO-1 (5'-ACCUUACAUUUCUUCACACAUACA-3') were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). AMO-1 contains 2'-O-methyl modifications. In addition, scrambled RNA (mis-miR-1) was used as a negative control (sense: 5'-UUCUCCGAACGUGUCACGUAA-3'; antisense: 5'-ACGUGACACGUUCGGAGAAUU-3').
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Transfection procedures A dose of 75 pmol/mL miR-1, NC siRNA or diethyl phosphorocyanidate (DEPC) water was transfected into NRNs with X-treme GENE siRNA transfection reagent (Cat.# 04476093001, Roche, USA) according to the manufacturer's instructions [22, 31] . Cells were collected for protein purification at 48 h post-transfection.
TaqMan quantitative real-time RT-PCR.
The miR-1 level was quantified by the TaqMan® MicroRNA Reverse Transcription Kit (Cat.#4366596, Applied Biosystems) and the TaqMan® Gene Expression Master Mix (for rats: target sequences: UGGAAUGUAAAGAAGUGUGUAU, Cat.#002064; for mouse; UGGAAUGUAAAGAAGUAUGUAU, Cat.#002222 Applied Biosystems). We used U6 (Cat.#001973, Applied Biosystems) as an internal control. The PCR protocol was as follows: (1) 95 ºC for 10 min, and (2) 95 ºC for 15 s and 60 ºC for 1min (repeat (2) for 40 cycles). The δ-δ Ct method was used to calculate the relative expression levels of miR-1 normalized with U6 [32] .
Western blot analysis
Total protein samples for western blot analysis were extracted from the hippocampi of the mice or from primary cultured NRNs, and the procedure for the preparation of total protein has been described previously [20] . Frozen brain tissues were lysed in a solution containing 10 % SDS, 60 % RIPA, 1 % protease inhibitor and 10 % phosphatase inhibitor. For primary cultured NRNs, samples were treated in a solution containing RIPA, 1 % protease inhibitor and 10 % phosphatase inhibitor after collection by a cell scraper. The homogenate was then centrifuged at 16700 × g at 4°C for 30 min and the supernatants (containing cytosolic and membrane fractions) were collected. The concentration of proteins was detected spectrophotometrically using a BCA kit (Universal Microplate Spectrometer; Bio-Tek Instruments, Winooski, VT, USA). Protein samples were fractionated by 10 % SDS-PAGE gels, and then transferred onto a polyvinylidene fluoride (PVDF) membrane. Anti-BDNF (1:1000, ab108319, Abcam, MA, USA), anti-GluR1 (1:1000, 13185, Cell Signaling, USA) and anti-p-GluR1 ser-831 (1:1000, 04-823, Millipore, USA) were used as primary antibodies. β-actin (1:1000, AT-09, ZSGB-BIO, China) was selected as an internal control. Blots were detected with an Odyssey Infrared Imaging System (Licor, USA) and quantified with Odyssey v1.2 software by measuring the protein intensity (area × optical density) in each group. The final results were expressed as fold changes compared with the control values.
Statistical analysis
The data were described as the Mean ± SEM. Day-by-day comparisons between-group were performed using factorial ANOVA (split-plot design) after performing Mauchly's test of sphericity with a P > 0.05. If the Mauchly's test of sphericity was P < 0.05, multivariate analysis of variance MANOVA was performed and Post hoc analyses of significant main effects were further performed using Fisher's Least Significant Difference (LSD) tests. Two-tailed Student's t-test was applied for comparisons between the two groups for both electoral physiological and western blot analysis. A P < 0.05 was considered statistically significant. SAS 9.1 software (serial number: 989155; Institute Inc. China) was used for all statistical analyses.
Results
Reduction of learning and memory in mice with myocardial infarction
To explore whether myocardial infarction (MI) could induce an impairment in cognition, we developed an MI animal model by ligatiing the left coronary artery (LCA) for 4 weeks. Previous studies reported that passive avoidance behaviour requires the association between a normally neutral environment and an aversive stimulus, and is dependent on hippocampal function [27, 28, 33, 34] . In this experiment, mice were trained to escape the conditioning chamber with the foot shock. We found that, compared with the latency in the sham group, the escape latency of passive avoidance in the MI group was significantly decreased (Fig. 1A , P < 0.05). Since the active avoidance test is a Pavlovian conditioning task that involves contextdependent memory, and this behaviour requires the integrity of hippocampal function [35] . Throughout the active avoidance test, the data showed that not only the percentage of mice Cellular Physiology and Biochemistry
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showing active avoidance was significantly decreased (Fig. 1B, F (1, 17) = 21.73, P < 0.0001) but also the latency to active avoidance was markedly prolonged in the MI group relative to the sham group during days 1 to 5 of training (Fig. 1C, F (1, 17) = 7.76, P = 0.0136). During test day 6, MI mice had a significantly lower foot shock avoidance percentage and longer latency than sham mice (Fig. 1D) . These results suggest that MI could induce memory deficits.
Attenuation of theta-burst stimulation (TBS)-induced long-term potentiation (LTP) in MI mice
Synaptic transmission is the basis of memory formation and storage. To address whether synaptic transmission is involved in MI-induced memory deficits, synaptic function was investigated. We first evaluated the basal synaptic transmission by stimulating the perforant pathway (PP) with increasing voltage intensities (from 5 to 30 V) and recording the population spikes (PS) at the granular cell layer of the dentate gyrus (DG) in vivo ( Fig.  2A) . As illustrated in Fig. 2B-D , the analysis of stimulus-response curves showed a similar latency and duration of the PS in MI mice relative to the age-matched sham group (P >0.05). However, the PS amplitude was significantly reduced in MI mice compared to sham mice although they all presented significantly elevated PS amplitude following the gradually increased stimulation intensities (Fig. 2E and F) . These results suggested that MI inhibited the effectiveness of basal synaptic transmission, however, it did not affect the speed of basal synaptic neurotransmitter release or the postsynaptic response in the PP-DG path of mice.
To observe whether MI could affect the efficiency of synaptic transmission, the TBS protocol, which was considered as the more suitable technique to dissect the mechanism of physiological pattern inputs [36] , was performed to elicit LTP. The results showed that a clear TBS-LTP induction was observed ( Fig. 2G and H) , and this TBS-LTP lasted for at least 1 h in both sham and MI mice (Fig. 2H) . However, the PS amplitude was significantly lower in MI mice than in sham mice after LTP induction ( Fig. 2H and I) . The results indicated that MI could lead to decreased enhancement of the efficiency of synaptic transmission induced by TBS in the PP-DG path. 
Attenuation of cognition and TBS-LTP in cardiac-specific overexpressed miR-1 transgenic mice
Previously, miR-1 has been reported to be increased in the blood of both AMI rats and patients [23, 25, 37] , and cardiac-specific over-expression of miR-1 could induce cognitive impairment compared with age-matched WT mice using the Morris water maze test [20] . We hypothesized that the attenuation of TBS-LTP following 4 weeks of MI might be associated with miR-1. To explore this issue, we employed a transgenic (Tg) mouse line for the cardiacspecific over-expression of miR-1-2, which was driven by an α-myosin heavy chain (α-MHC) promoter [22] , and we also evaluated the memory of these Tg mice that experienced the same evaluation method as the MI mice. As descried in Fig. 3A , compared with age-matched wild type (WT) mice, we demonstrated that the escape latency for passive avoidance of miR- 
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Cellular Physiology and Biochemistry 1 Tg mice was significantly decreased, an effect that was prevented by stereotaxic injection of anti-miR-1 oligonucleotide fragments carried by a lentivirus vector (lenti-pre-AMO-miR-1) directly into the CA1 area of the hippocampus (latency of PAV: 250 ± 5.34, 139 ± 3.45 and 221± 7.97, in WT, Tg + lenti-mis-AMO-1 and Tg + lenti-pre-AMO-1 mice, respectively;. F = 12.91, P <0.0001). Interestingly, although the percentage of active avoidance response by the Tg mice was lower than age-matched WT mice before the 4 th day of training, the percentage reached 98.3 % at the 5 th day (Fig. 3B, F (1, 18) = 12.809, P = 0.002). In addition, there was no difference in successful avoidance between WT and Tg group on the test day (Fig. 3C , F = 2.420, P = 0.100). Similar to MI mice, Tg mice had significantly increased latenciesy of active avoidance response during training from the first day to the 5 th day (Fig. 3D, F (1, 18) = 10.758, P =0.004) and in the test day 6 (Fig. 3E, P = 0.026) . Importantly, all these changes in Tg mice were reversed by directly and stereotaxically injecting lenti-pre-AMO-1 into the hippocampus (Fig. 3B: F (2, 27) = 11.504, P < 0.0001, D: F (2, 27) = 10.856, P < 0.0001 and E: F = 4.089, P = 0.026). These results suggest that Tg mice mimic a similar memory decline as MI mice, which is associated with increased miR-1 levels in the hippocampus.
We then evaluated whether Tg mice presented attenuated basal synaptic transmission and TBS-LTP in the PP-DG path. We found that, contrast to MI mice, the latency and duration of the PS as well as the PS amplitude were not changed in Tg mice that injected with lenti-mis-AMO-1 relative to age-matched WT mice (Fig. 4A-C) . These results suggest that overexpression of miR-1 in the heart does not affect basal synaptic transmission in the PP-DG path. However, TBS induced LTP was significantly decreased in Tg mice injected with lenti-mis-AMO-1 which was inverted by lenti-pre-AMO-1 treatment (Fig. 4D-E) . These It has been demonstrated that the molecular basis of TBS-LTP is related to BDNF signalling by binding with the TrkB receptor and phosphorylating GluA1 [38, 39] . Our previous study demonstrated that cardiac over-expression of miR-1 downregulated BDNF expression in the hippocampus [20] . Thus, we speculated that the reduced LTP in Tg mice might be associated with BDNF, which mediated the decreased phosphorylation of GluA1 (p-GluA1). As predicted, we observed that the expression levels of BDNF, p-GluA1, and GluA1 protein were significantly decreased in the hippocampi of Tg mice compared with the WT group, which was prevented by the injection of lenti-pre-AMO-1 (Fig. 5A) . We then further investigated the action of miR-1 in vitro. For this purpose, miR-1 and/or AMO-1 were directly transfected into NRNs using X-treme GENE siRNA transfection reagent. Immunoblotting analysis showed that miR-1 effectively inhibited the expression of all BDNF, p-GluA1 and GluA1 proteins relative to their levels in the control group, whereas the scrambled negative control mis-miR-1 failed to affect the protein levels (Fig. 5B-D) . In contrast, miR-1-mediated downregulation of these proteins was rescued by AMO-1 (Fig. 5B-D) .
miR-1 is involved in the attenuation of cognition and TBS-LTP in MI mice
Based on the above results, we speculated that the disrupted cognition and LTP in MI mice might result from overexpression of miR-1. To address this issue, lenti-pre-AMO-miR-1 was directly stereotaxically injected into the hippocampi of MI mice. We found that the miR-1 levels were significantly increased in the hippocampi of MI mice, an effect that was prevented by lenti-pre-AMO-1 injection (Fig. 6A , F = 89.6, P < 0.0001). As illustrated in Fig. 6B , lentipre-AMO-1 treatment effectively prevented the decreased escape latency of lenti-mis-AMO-1 By using the same strategies, we investigated miR-1 action on basal synaptic transmission. We found that lenti-pre-AMO-1 injection failed to improve the reduced PS amplitude of lenti-mis-AMO-1 treated MI mice following increased electrical stimulation intensities ( Fig. 7 A and B) , suggesting that over-expression of miR-1 in the hippocampi of MI mice did not participate in the weakened effectiveness of basal synaptic transmission in the PP-DG path of MI mice. However, lenti-pre-AMO-1 injection significantly elevated the decreased LTP elicited by TBS in the PP-DG path in MI mice with lenti-mis-AMO-1 ( Fig.  7C and D) , suggesting that over-expression of miR-1 in the hippocampi of MI mice could ameliorate MI induced attenuation of TBS-LTP. As predicted, lenti-pre-AMO-miR-1 injection successfully prevented the decreased expression of BDNF, p-GluA1 and GluA1 proteins in the hippocampi of MI mice ( Fig. 7E and F) . 
Discussion
In the present study, we first reported that mice suffering from 4 weeks of myocardial infarction had decreased memory abilities and attenuated TBS-LTP. The molecular mechanism is the increased miR-1 levels in the hippocampus, which mediates the downregulation of BDNF expression, thereby dephosphorylating the GluA1 subunit of the AMPA receptor at the Ser831 site. This study provides a novel insight into the potential molecular mechanism by which MI induces cognitive deficits at the miRNA level.
Cardiovascular diseases, including hypertension, atrial fibrillation, coronary heart disease and heart failure, have been reported to be closely associated with an impairment of cognition such as vascular dementia [7, 8, 10, 11, 19] . Although all cardiovascular diseases share similar pathological changes, e.g., changes due to diabetes and/or hyperlipidaemia, the clinical trial results of the benefits of antihypertensive, anti-diabetic and antihyperlipidaemia treatments on cognitive impairment are controversial [12, 40, 41] . Our previous study demonstrated that a mouse model with the cardiac-specific over-expression of miR-1-2 driven by α-MHC showed impaired cognition, which was associated with increased miR-1 levels mediating downregulation of BDNF expression in the hippocampus [20] . Because miR-1 levels were increased in the heart and blood of MI mice [21, 42, 43] , MIinduced brain damage was apparent on the 15 th day and cognitive deficiency was observed at 3 months after LCA [13] , we hypothesized that miR-1 might be involved in MI induced brain dysfunction. By performing the passive and active avoidance tests, we found that mice, after 4 weeks of MI, presented remarkably reduced passive avoidance latencies and increased active avoidance latencies, which could be prevented by the inhibition of hippocampal miR-1 levels through stereotaxic injection of lenti-pre-AMO-miR-1 directly into the hippocampus. The results suggested that miR-1 was involved in MI-induced cognitive impairment.
Synaptic transmission is fundamental to memory formation, therefore, we recorded DG granule cell activity following perforant pathway stimulation in vivo. We found that MI mice, compared to the sham group, exhibited a reduced effectiveness on basal synaptic transmission without differences in the basal synaptic neurotransmitter release speed and postsynaptic response in the PP-DG path. Since TBS mimics the physiological patterns of afferent activity, it was considered more suitable to dissect mechanisms of synaptic plasticity in vivo [36, 44] . In the present study, after performing TBS protocols, we found that, relative to sham controls, MI mice showed a decreased TBS-induced LTP. Surprisingly, although hippocampal injection of lenti-pre-AMO-miR-1 effectively improved the attenuated TBS-LTP of MI mice, it failed to prevent impaired basal synaptic transmission. To clarify this issue, Tg mice with cardiac-specific overexpression of miR-1 were used, and we found that although Tg mice had a reduced TBS-LTP response, which was improved by hippocampal treatment with lenti-pre-AMO-miR-1, the mice did not display any changes in basal synaptic transmission, including the effectiveness, speed and postsynaptic response process. These data indicated that miR-1 participated in MI resulted in memory deficits, but it was not the unique regulator. There is other mechanisms might involve in this process that needs to be clarified further.
The most commonly accepted view of the molecular basis of LTP is that glutamate release induces a postsynaptic response. Typically, after release from presynaptic knob, glutamate binds to the AMPA receptor leading to depolarization by displacing magnesium from the NMDA receptor and triggering the opening of the NMDA receptor. This allows Ca 2+ influx and triggers the subsequent insertion of additional AMPA receptor into the membrane by phosphorylation of the GluA1 subunit at Ser831 and strengthens potentiation [39] . Interestingly, BDNF is a key regulator of cognition due to its participation in hippocampal LTP [45, 46] , including TBS-induced LTP [47] . More importantly, it has been demonstrated that BDNF initiates early LTP by enhancing the surface expression of GluA1 and regulates late LTP via the phosphorylation of CREB [45] . Our previous study revealed that BDNF is a target of miR-1 [20] . In this study, we found that miR-1 levels were increased, while, BDNF protein expression was significantly reduced in the hippocampi of MI mice, indicating that miR-1 can inhibit BDNF protein expression in MI mice. A previous study revealed that Cellular Physiology and Biochemistry
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BDNF acutely upregulated GluA1 expression by activating mTOR kinase [48] and inducing GluA1 phosphorylation on Ser-831 through activation of protein kinase C and Ca
2+
calmodulin-dependent protein kinase II [49, 50] . In this study, we found decreased GluA1 and p-GluA1-831 protein in MI and Tg mice, which could be prevented by lenti-pre-AMOmiR-1 treatment in the hippocampi of mice. These results suggest that miR-1 indirectly regulates the expression of GluA1 and p-GluA1-831 by inhibiting the expression of BDNF. However, because miR-1 has multi-targets (Fig. 8) [51] , we cannot exclude other miR-1 targets that participate in MI-induced impaired cognition. For example, our previous study demonstrated that MI also leads to hippocampal microtubule dissolution by targeting the tubulin polymerization promoting protein (TPPP/p25) gene [32] , which plays a major role in maintaining the stability of neuronal microtubules by inducing tubulin polymerization into normal and double-walled microtubules and inducing their bundling [52] . Whether and how the other miR-1 targets participate in MI induced cognitive decline needs to be clarified in the future. Fig. 8 . The PPI network of miR-1 targets. Targetscan5.1 was used to find miR-1 targets. To interpret the biological function of the miR-1 targets, GO analysis was performed using Gene Ontology Enrichment Analysis Software Toolkit (GOEAST), which is a web-based software toolkit with providing analysis results via generating graphs exhibiting enriched GO terms as well as their relationships in the whole GO hierarchical tree. In addition, Database for Annotation, Visualization, and Integrated Discovery (DAVID, http://david. abcc.ncifcrf.gov) was also used to conduct GO terms functional analysis with displaying gene names for a given gene list. The red node represents miR-1 target-distributed tissues. The node size represents the degree of distributed genes. The green node represents miR-1 targets. PPI: protein-protein interaction.
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